The isothermal crystallization process of thin amorphous solid water ͑ASW͒ films on Ru͑0001͒ has been investigated in real time by simultaneously employing helium atom scattering, infrared reflection absorption spectroscopy, and isothermal temperature-programmed desorption. The measurements reveal that the crystallization mechanism consists of random nucleation events in the bulk of the ASW films, followed by homogeneous growth. Morphological changes of the solid water film during crystallization expose the water monolayer just above the substrate to the vacuum during the crystallization process.
lytic environment for heterogeneous chemical reactions such as the formation of prebiotic organic molecules in the interstellar medium 3 and reactions that lead to ozone depletion in the stratosphere. 4 The crystallization processes of ASW and ice surface morphologies therefore have been extensively investigated as prerequisites for the detailed understanding of chemical reactions on ice surfaces. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] One well-known method of investigating the kinetics of ASW crystallization and the morphology of CI is to monitor the desorption rate of water at a specific temperature ͑iso-thermal temperature-programmed desorption, ITPD͒ during crystallization. [5] [6] [7] [8] [9] [10] [11] In this method, the conversion from ASW to CI is determined from the change in the desorption rate of water due to different activation barriers of water desorption from ASW and from CI. 8, 17 Quite recently, however, a different interpretation of the ITPD signal was proposed based on time-of-flight secondary ion mass spectroscopy. 18, 19 In these reports, the change in the desorption rate was attributed to morphological changes in ASW and/or phase transformation of ASW to the liquid/supercooled-liquid phase rather than to ASW crystallization. A simultaneous measurement of both the ITPD signal and the phase state of the water layer ͑by infrared spectroscopy, for example͒ would conclusively demonstrate which interpretation is correct.
Another debate concerns the surface morphology of CI, which has been examined through the water desorption rate after completion of the crystallization process by ITPD. [5] [6] [7] [8] Different surface morphologies of CI have been reported, depending on the wetting properties of the substrate and the initial water film thickness. For example, the occurrence of zero-order desorption of water from thin CI films on Pt͑111͒ has been interpreted as the result of the uniform surface morphology of CI owing to the hydrophilic nature of Pt͑111͒. [6] [7] [8] However, an unexpected morphological change of CI on Pt͑111͒ was recently reported based on measurements of Kr desorption from the ice surface:
10 the final water monolayer, which interacts relatively strongly with the Pt͑111͒ substrate 20, 21 ͑hereafter referred to as "first water layer"͒, becomes exposed to the vacuum during zero-order desorption of water from CI, after crystallization has been completed, 10 but while many water layers remain on the surface.
In the present work, we verify the original interpretation that the ITPD signal reflects the thermodynamic state of the water layer. Furthermore, we find that morphological changes resulting from the formation of three-dimensional ͑3D͒ grains of CI causes exposure of the first water layer to the vacuum during the crystallization process of ASW on Ru͑0001͒. The isothermal crystallization process of ASW layers of D 2 O on Ru͑0001͒ has been observed in real time by helium atom scattering ͑HAS͒, infrared reflection absorption spectroscopy ͑IRAS͒, and ITPD simultaneously. This novel combination of techniques is completely noninvasive, causing no damage to the delicate hydrogen-bonded water network. Changes in the surface and bulk phase state are evident from changes in the ITPD and changes in the vibrational response of the water in the IRAS spectra, respectively. HAS is sensitive to changes in morphology and to crystallinity within the topmost molecular layers. The experimental apparatus used in this work has been described elsewhere. 22 Briefly, the Ru͑0001͒ surface was cleaned using standard sputtering, annealing, oxidation, and flashing cycles in an ultrahigh vacuum ͑UHV͒ chamber with a base pressure of ϳ1 ϫ 10 −10 Torr. Thin films of ASW of ϳ50 monolayers 23 ͑ML͒ ͑an order of magnitude larger than the estimated critical nucleus size 8 ͒ were deposited on the surface at ϳ90 K. Layer thickness is known to affect critically the kinetics of crystallization. [5] [6] [7] [8] For this reason, we report here the kinetics for a fixed initial thickness of ϳ50 ML.
After the deposition of ASW, the layers were heated at a rate of ϳ0.2 K / s to the designated temperature at which ITPD, IRAS, and HAS measurements were made simultaneously. In the HAS measurement, the intensity of specularly reflected He was measured by a doubly differentially pumped quadrupole mass spectrometer ͑QMS͒. 22 The incident energy and the angle of the helium beam were fixed at 63 meV and 45°, respectively. In the ITPD measurement, desorbed D 2 O molecules were detected by a QMS within the ionization volume in a newly developed home-built small cup ͑which increases the signal-to-noise ratio͒ in front of the sample. The substrate temperature was carefully calibrated by temperature-programmed desorption measurements of D 2 O from Ru͑0001͒ prior to the experiment. 24 To prevent damage to the water layers by stray electrons from the QMS ionizer, the sample was held at −160 V bias during the experiment.
The infrared light from the Fourier transform IR spectrometer ͑JASCO FT/IR-550͒ was p polarized by a ZnSe polarizer. It was then focused on the sample surface in the UHV chamber by a concave mirror through the BaF view port at an 85°grazing angle of incidence. The specularly reflected IR light from the sample was detected by a mercury-cadmium-telluride detector. All the light paths outside the UHV chamber were purged by pure nitrogen gas to avoid absorption by ambient air, which contains CO 2 and H 2 O. IRAS spectra were recorded at 4 cm −1 resolution with 20 scan ͑40 s͒ averages. The IR absorbance A is defined as A =−ln͑R / R 0 ͒, where R and R 0 are the reflected intensities with and without the water layers on the substrate, respectively.
We investigated fully deuterated water ͑D 2 O͒ because the IR spectrometer has a better sensitivity in the O-D stretch frequency range than in the range of the O-H stretch of H 2 O. Whether the D 2 O multilayer is present as ASW or CI can be determined directly through the O-D stretching vibrational mode ͑ OD ͒ of water in the IRAS spectrum as demonstrated previously for H 2 O. 16 The IR spectra can be reproduced very well by a sum of contributions from amorphous domains ͑viz, the spectrum at t =0͒ and crystalline domains ͑the spectrum at long times when the IR response remains constant͒. The "converted fraction" is defined here as the crystalline contribution divided by the weighted sum of the two. During the period up to t = 0 s, the temperature increases from ϳ90 K to the designated temperature with a heating rate of ϳ0.2 K / s. The temperature is then held at the designated temperature. ͓͑a͒ and ͑b͔͒ HAS results ͓left axis: He beam intensity of the specular reflection, I He , on a log scale. Right axis: ͓d͕ln͑I He ͖͒ / dt ͑grey curve͒; black curve represents the fitting result. Red and green curves show the two components of d͕ln͑I He ͖͒ / dt.͔͒ ͓͑c͒ and ͑d͔͒ ITPD results, the desorption rate of D 2 O from Ru͑0001͒ ͑grey curve; black curve represents average͒. ͓͑e͒ and ͑f͔͒ IRAS analyzed results ͑left axis: total weighted absorbance, summation of integrated absorption of the fraction of ASW and that of CI; right axis: converted fraction of ASW to CI phase derived from the linear fit of IRAS result͒. ͓͑g͒ and ͑h͔͒ IRAS results. Each vertical dotted line represents the moment when ϳ100% conversion is achieved in ͑e͒ and ͑f͒, respectively. cant morphological changes occur at the surface. Simultaneously, a significant drop in the desorption rate occurs, as evidenced by the ITPD signal in Figs. 1͑c͒ and 1͑d͒ . When the water desorption rate drops to about half of its initial intensity, the crystallization of ASW is considered complete. [5] [6] [7] [8] [9] [10] [11] The time needed to reach the point indicated as "" in Fig. 1 therefore has been used to investigate the crystallization kinetics in detail. [6] [7] [8] As a result of D 2 O desorption, the intensity of the O-D stretch absorption band OD in the IRAS spectra decreases. For ASW, this absorption band is broad and featureless ͓Figs. 1͑g͒ and 1͑h͔͒ due to strong intramolecular and intermolecular couplings among D 2 O molecules in the hydrogen-bonded network. 25, 26 As the welldocumented IR responses of the crystalline and amorphous phases are different, the fraction of ASW converted into CI can be extracted readily from IRAS spectra. The results are shown in Figs. 1͑e͒ and 1͑f͒ . At each temperature, the point at which the converted fraction reaches ϳ100% coincides with a change in the desorption rate, as indicated by the dotted line in Figs. 1͑c͒-1͑f͒ . This proves explicitly the validity of using ITPD to monitor crystallization, and excludes another, recently proposed interpretation of ITPD, which attributes the change in the desorption rate in ITPD to morphological change and/or phase transformation to the liquid phase. 18, 19 From Fig. 1 , we also can infer the nature of the nucleation of ASW crystallization. If the crystallization is nucleated predominantly at the outermost ASW surface, the drop in ITPD ͓Figs. 1͑c͒ and 1͑d͔͒ should occur well before the point at which 100% bulk conversion has occurred, as observed by IRAS ͓Figs. 1͑e͒-1͑h͔͒, because the desorption occurs only from the surface molecules exposed to the vacuum. On the other hand, if nucleation occurs at the Ru-ASW interface, the HAS intensity ͓Figs. 1͑a͒ and 1͑b͒, which probes the outermost surface͔ should not change in the initial stages of crystallization. The fact that neither of these phenomena is observed in the results depicted in Fig. 1 indicates a random nucleation event in the bulk of ASW. This nucleation mechanism has been used to explain the crystallization of ASW on most substrates reported to date based on the analysis of the crystallization kinetics. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] One marked exception is ASW on CI / Pt͑111͒, for which heterogeneous nucleation was attributed to the template effect of the substrate as a two-dimensional nucleation site for the growth of CI. 12, 13, 17 In the case of Ru͑0001͒, it has been anticipated that epitaxial growth of CI on Ru͑0001͒ may occur due to the small lattice mismatch between the Ru͑0001͒ substrate and CI. 20, 21 One therefore might expect a similar template effect on Ru͑0001͒ as well. Our results shown in Fig. 1 , however, clearly exclude this template effect on Ru͑0001͒.
To confirm our conclusion and to derive more details of the crystallization mechanism, we have measured the temperature dependence of the crystallization mechanism/ process and analyzed the results using theoretical calculations. The conversion rates at 153 K derived from measured IRAS spectra are shown in Fig. 2͑a͒ . According to the classical model of nucleation and growth of isothermal solidstate phase transformation kinetics, the isothermal time dependence of the crystallization mole fraction is given by the following Avrami-type equation: 27,28 ͑t͒ = 100 ͓1-exp͕−͑kt͒ n ͖͔, where is the converted fraction ͓%͔, t is time, k is a crystallization rate constant, and n is a parameter that depends on the mechanism of the crystallization. The best fit of our results to the above equation is for n = ϳ 3.5, as shown in Fig. 2͑a͒ . When heterogeneous nucleation occurs, n is known to be ϳ1.4, 17 while n = ϳ 4 corresponds to a mechanism involving spatially random bulk nucleation with a constant nucleation rate and isotropic 3D growth of the grains at a constant radial rate. 27, 28 Our derived value of n = ϳ 3.5 is therefore consistent with the conclusion drawn above that crystallization of ASW occurs through random nucleation in the bulk, followed by effectively isotropic 3D growth. The above conclusion of the crystallization mechanism enables us to analyze our results by a more quantitative theory formulated recently by Backus and Bonn. 29 The theory includes the following three potentially important effects: ͑i͒ the desorption of the material, ͑ii͒ the finite nucleation core size, and ͑iii͒ the possibility that nucleation occurs at the ASW-substrate interface or the ASW-vacuum interface. This theory agrees closely with our experimental results, as shown by the solid curves in Fig. 2͑b͒ , where a nucleation grain diameter of 3 ML is used 8 and the rates of bulk nucleation and homogeneous growth are adjustable parameters. The derived kinetic parameters of the crystallization are summarized in Table. I, 30 with the desorption rate inferred from the time variation of the IRAS total absorbance. The excellent agreement with the experimental temperature dependence shown in Fig. 2͑b͒ conclusively demonstrates that the crystallization mechanism consists of random nucleation events in the bulk of the material, followed by effectively homogeneous growth. The Arrhenius-type plot presented in Fig. 3 is based on the time required for the 100% conversion from ASW to CI as determined from IRAS analysis. The derived apparent activation energy for the crystallization of bulk ASW ͑ϳ50 ML͒ is 650± 25 meV, which is similar to previous reports based on the ITPD analysis. 5, 7 In addition to details of the mechanism and kinetics of ASW crystallization, we can derive information about the morphological change of the outermost surface during ASW crystallization from the measurements shown in Fig. 1 . The initial HAS intensity in Fig. 1 , after thin film growth, is limited by background counts; due to the disordered nature of the ASW surface, there is no significant specular intensity. During crystallization, the increase of the HAS intensity over time may be due to two factors: ͑1͒ the appearance of CI domains that are sufficiently ordered for efficient He scattering and ͑2͒ the exposure of the substrate domains to the vacuum. Indeed, closer inspection of the HAS signal reveals the presence of two distinct contributions to the signal. This is evident most clearly from the time derivative of the signal shown in Figs. 1͑a͒ and 1͑b͒ , which shows a double-peaked structure for both temperatures. The first occurs at the same time as the onset of crystallization; the second thus likely represents the exposure of the substrate to the vacuum. 31 This conclusion is corroborated by measurements of water crystallization on the CO-precovered Ru͑0001͒ surface, which is the topic of a future publication. Note that the morphological change resulting in the exposure of the substrate occurs during crystallization, i.e., faster than .
Here, the "substrate" exposed to the vacuum is considered the first water layer on Ru͑0001͒. The structure and the stability of the first water layer on Ru͑0001͒ have been extensively investigated ͑see Ref. 32 and references therein͒. Taking care to avoid ambient electrons impinging onto the surface, only two desorption peaks can be observed in the temperature-programmed desorption of D 2 O from Ru͑0001͒ ͑Ref. 32͒ as we previously reported. 24, 33 Peaks appearing in the TPD spectrum at ϳ160 and ϳ180 K have been assigned to multilayer water and first water layer desorption, respectively. The first water layer interacts relatively strongly with the substrate. Since the experiments shown in Figs. 1 and 2 are conducted well below the desorption temperature of the first water layer, that layer must be left on the surface under our experimental conditions. The ASW crystallization process on Ru͑0001͒ is schematically summarized in Fig. 4 . Randomly nucleated CI grains grow at a specific rate depending on temperature ͓Fig. 4͑b͔͒. Simultaneously, molecular rearrangement among the water molecules results in morphological change. This rearrangement is presumably caused by the different binding energies of water molecules to CI and ASW, and therefore must be induced by the nucleation of CI grains ͓Fig. 4͑c͔͒. The large-scale morphological change of the ice surface that occurs during the crystallization process gives rise to the exposure of the first water layer to the vacuum ͓Figs. 4͑c͒ and 4͑d͔͒.
In summary, we have presented the simultaneous and in situ observations of the isothermal crystallization process of ASW layers on Ru͑0001͒ by HAS, IRAS, and ITPD. The original interpretation of the ITPD measurement clearly has been verified: the ITPD signal provides a good measure for the thermodynamic state of the water layer. Our measurements also reveal that the crystallization mechanism consists of random nucleation events in the bulk of the ASW films, followed by homogeneous growth. The apparent activation energy of the crystallization of bulk ASW film ͑ϳ50 ML͒ is found to be 650± 25 meV. Morphological changes of the ASW film have been found to expose the first water layer to the vacuum during the crystallization process. Sports, Science and Technology ͑MEXT͒ through a "Grantin-Aid for Young Scientists ͑B͒ 17760034, [2005] [2006] [2007] ."
